The thermoelectric properties of In−Sn−O (ITO) thin films were estimated in relation to microstructures with various zinc concentrations. The zinc-doped ITO (ITO:Zn) thin films were amorphized with increasing zinc concentration. The carrier density (n) of the thin films decreased as the zinc content increased, which could be attributed to a decline in oxygen vacancies. The highest Seebeck coefficient (S, 64.91 µV/K) was obtained with an ITO film containing 15.33 at.% of Zn due to the low n value, which also exhibited the highest power factor (234.03 µW K −2 m −1 ). However, the highest thermoelectric figure of merit value (0.0627) was obtained from the film containing 18.26 at.% of Zn because of both low n and the lowest thermal conductivity (κ) (1.085 W m −1 ·K −1 ). The total κ decreased as increasing zinc concentration in the thin films. It was confirmed that the decrease of total κ was dominated by electron κ rather than lattice κ.
Introduction
In recent times, thermoelectric (TE) energy-harvesting technologies have attracted significant attention as alternative energy, as they demonstrate the possibility of generating eco-friendly electric power that is not dependent on fossil fuel [1] [2] [3] [4] [5] [6] . Therefore, several studies have focused on TE materials for achieving power generation without mechanical movements, and for converting waste heat into electric power with Seebeck effects [1] [2] [3] [4] [5] [6] . In addition, heating issues have been developing recently in electronic equipped displays, such as smartphones, televisions, and tablet personal computers, owing to their integrated structures and an increase of current density. Such issues can also shorten the devices' lifetimes and result in energy-efficiency loss [7, 8] . Therefore, it is necessary to research TE materials to resolve such heating problems. The performance of TE materials is generally estimated using the TE figure of merit (ZT). Such an estimation is important for fabricating high-efficiency TE materials. ZT is defined using Equation (1) as follows [4] :
where S, ρ, κ, σ, κe, κl, and T represent the Seebeck coefficient, resistivity, thermal conductivity, electrical conductivity, electron thermal conductivity, lattice thermal conductivity, and absolute temperature, respectively. As defined in Equation (1), a high σ and a low κ are required to achieve a high ZT [9] . There are various kinds of TE materials, such as bulk-type materials, thin films, nanoparticles, and nanorods with their form. The bulk-type TE materials have been used for power generation, as they can generate substantial amounts of converted energy, which can be applied in electronic equipment, such as refrigerators and air conditioners [7, 8] . However, it is difficult to employ these materials in miniaturized electronic devices because of their large volumes. Therefore, thin-film TE materials can be used in these miniaturized devices for precisely controlling the temperature. These TE materials can enable the building of nanostructures that can be connected to small devices. Among these thin-film TE materials, oxide semiconductors, such as SnO2, ZnO, and In2O3, have attracted attention due to their high thermal stability, relatively low price, and non-toxicity compared to telluride TE materials, such as Bi−Te and Pb−Te [4, [10] [11] [12] [13] [14] . These semiconductors have been studied for developing high-efficiency thin-film TE materials. Among them, In2O3 has been studied and used for a long time as a transparent electrode for display, solar cell, and touchscreen panels because of its high optical transmittance (>80% at 550 nm) and high σ (>2000 S/cm) [15] [16] [17] . Figure 1 shows the ZT values from the latest research on oxide semiconductors, including the results from this study. The ZT values from the latest research are measured at various temperatures. In order to help comparison, they are standardized to 300 K [14, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . It is confirmed that the crystalline-structured oxide TE materials demonstrate low ZT values due to their high κl, despite their low sheet resistance. In general, sputtered thin films demonstrate low TE properties due to their preferentially oriented growth, which results in a high κl value. However, these thin films can easily control the microstructure in relation to deposition conditions, such as deposition power, pressures, and doping impurities. Therefore, it is possible to achieve a high σ as well as a low κ simultaneously, through high mobility (μ) and low carrier density (n). In previous studies, we confirmed that the amorphization of conductive oxide thin film can improve the ZT value without degrading the electrical and optical properties [24] . Based on these backgrounds, in this study, we amorphized the thin films to achieve a low κ value by controlling n with various zinc concentrations.
Experimental Detail
Thin films with a thickness of 150 nm were deposited on the non-alkali glass through magnetron co-sputtering using two cathodes, comprising a direct current (DC) cathode equipped with an Based on these backgrounds, in this study, we amorphized the thin films to achieve a low κ value by controlling n with various zinc concentrations.
Thin films with a thickness of 150 nm were deposited on the non-alkali glass through magnetron co-sputtering using two cathodes, comprising a direct current (DC) cathode equipped with an In−Sn−O (ITO) (SnO 2 : 10 wt.%) target, and a radio frequency (RF) cathode equipped with the ZnO target, without substrate heating. The base pressure was set to 2.0 × 10 −3 Pa, and the total gas pressure was set to 1.0 Pa using an Ar gas flow of 20 sccm. The RF power was varied from 0 to 160 W under a constant DC power of 150 W. Before the deposition, pre-sputtering was performed for 5 min to eliminate the impurities on the target surface. The thickness and deposition rate of the films were determined using a spectral reflectometer (ST2000-DLXn, K-MAC, Daejeon, Korea). The optical properties were measured by a UV-visible spectrometer (SHIMADZU, UV-1800, Kyoto, Japan). The electrical properties of the thin films were measured using the Hall Effect measurement system (HMS-3000, Ecopia, Anyang, Korea), and their crystallinity was measured through X-ray diffraction (XRD, Bruker HADDS, Cu-Kα radiation at 40 kV, 40 mA, θ-2θ mode). The zinc concentrations in the ITO:Zn thin films were estimated using a high-performance X-ray photoelectron spectrometer (K-ALPHA+ X-ray photoelectron spectroscopy (XPS) system, Thermo Fisher Scientific, Loughborough, UK). The X-ray source was Al Kα (hν = 1486.6 eV), and the X-ray energy was 12 kV at 72 W. The S and PF (power factor) values of the thin films were calculated. The κ value of thin films was measured using the time-domain thermoreflectance method [30] . David G. Cahill et al. shows a schematic diagram of the time-domain thermoreflectance (TDTR) method [31] . The ITO:Zn thin films were coated with aluminum (85 nm). The Ti:Sapphire laser was used for TDTR measurement. The Fourier transform-infrared spectroscopy (FT-IR) measurements were performed on a Vertex 80v and Hyperion (Bruker) in the range of 650-4000 cm −1 . Figure 2a shows the XRD patterns of the ITO:Zn thin films deposited with varied ZnO RF powers (W) without intensive heating. The thin films prepared without zinc doping demonstrate a crystalline structure, and the ITO:Zn films are amorphized after the RF power of 20 W. Figure 2b and Table 1 show X-ray photoelectron spectroscopy (XPS) analysis of the metal concentrations (In, Sn, and Zn) in ITO thin films as a function of ZnO RF power (W). The amounts of In and Sn are decreased in relation to ZnO RF power while the ratio of Sn/In is constant. The zinc content in the ITO monotonously increases as a function of the ZnO RF power indication, and, therefore, the zinc content is effectively controlled by changing the RF deposition power. The ITO:Zn thin films are amorphized when the RF power is 20 W, and it is confirmed that the zinc content in thin films is 1.56 at.%. In addition, ITO:Zn demonstrated high transmittance in the visible-wavelength region (>85% at 550 nm).
Results and Discussion
The variation in the electrical properties of the ITO:Zn thin films in relation to the zinc content is shown in Figure 3 . The lowest resistivity (ρ, 5.668 × 10 −4 Ω·cm) was obtained when the zinc content was 0.44 at.%. The resistivity is defined using Equation (2) as follows:
where n, e, and µ are carrier density, electron charge, and hall mobility, respectively. The variations in ρ, therefore, can be explained by n and µ. The value of n decreased with higher zinc content, whereas that of the thin film at the zinc content value of 0.44 at.%. The increase in n can be attributed to the interstitial Zn 1+ , which is one of the carrier formation mechanisms of ZnO that provides electrons in the lattice [32, 33] . The decrease in n could be related to Zn 2+ being substituted for In 3+ as the acceptor or Sn 4+ in the ITO films and oxygen vacancies [34] [35] [36] [37] [38] [39] . It was observed that µ decreased when the zinc content was over 2.80 at.%. This resulted from the decline in oxygen vacancies, which are at the center of ionization scattering. Figure 4a shows S and n for the as-deposited ITO:Zn thin films. S is defined using Equation (3) as follows [24] :
where k B , h, m*, and n represent the Boltzmann constant, Plank's constant, effective mass, and carrier density, respectively. The Seebeck coefficient (S) is estimated by measuring Seebeck voltage under a temperature gradient, or calculated from Equation (3). In the second method, the accurate value can be obtained if the effective mass is correctly measured. In the case of the present work, the effective mass value (5.22624 × 10 −35 µ/cm 2 ) has been accurately calculated in previous work [24, 28] . It was observed that S increased with an increase in the zinc content up to 15 temperature gradient, or calculated from Equation (3). In the second method, the accurate value can be obtained if the effective mass is correctly measured. In the case of the present work, the effective mass value (5.22624 × 10 -35 μ/cm 2 ) has been accurately calculated in previous work [24, 28] . It was observed that S increased with an increase in the zinc content up to 15.33 at.%, after which it declined marginally (18.26 at.%). The highest S (64.91 μV/K) value was obtained when the zinc content was 15.33 at.%, as S is inversely proportional to n. The variations in the PF values in relation to the zinc content are shown in Figure 4b . The TE properties can be evaluated with the PF, which depends on the σ and S values, as defined in Equation (4):
It was observed that the highest PF (234.03 μW K -2 ·m -1 ) was obtained when the zinc content was 15.33 at.%, owing to the highest S value caused by the lowest n value, even though σ declined. Several studies have reported on the TE performance of thin films based on only the PF value, because measuring the κ values of the TE materials is very difficult. However, measuring κ of the thin film is crucial to evaluate the TE performance more accurately. Figure 5a shows the ZT values, which were evaluated using the measured κ values of the ITO:Zn thin films, in relation to the zinc content. The highest ZT value of 0.0627 was obtained when the zinc content was 18.26 at.% due to the low κ (1.085 Wm −1 ·K −1 ) and high PF (228.37 μW. K -2 ·m -1 ) values. It is notable that the highest PF (234.03 μW K -2 ·m -1 ) was obtained when the zinc content was 15.33 at.%, while the highest ZT value was obtained for the thin films that include a zinc content of 18.26 at.%. This phenomenon is attributed to the lowest κ value (1.085 W m -1 ·K -1 ), obtained at the zinc content of 18.26 at.%, even if the PF at the zinc content of 18.26 at.% (228.37 μW K -2 ·m -1 ) is lower than that at the zinc content of 15.33 at.% (234.03 μW K -2 ·m -1 ).
Moreover, it was confirmed that the highest ZT value of the a-ITO:Zn film (0.0627) was approximately 2.5 times higher than that of the c-ITO film (0.0252). Consequently, these results indicate that the evaluation of the TE performance through ZT can provide more accuracy than that performed using PF. Moreover, we successfully obtained a high TE performance of the thin film with an amorphous structure. Figure 5b shows κ of the as-deposited ITO:Zn thin films as a function of the zinc concentration. The total κ (κtot) is determined by both electron thermal conductivity (κe) and lattice thermal conductivity (κl), i.e., κtotal = κe + κl. The value of κtot decreases with an increase in the zinc concentration in ITO:Zn thin films. The value of κe was calculated by the Wiedemann-Franz law using Equation (5). The variations in the PF values in relation to the zinc content are shown in Figure 4b . The TE properties can be evaluated with the PF, which depends on the σ and S values, as defined in Equation (4):
It was observed that the highest PF (234.03 µW K −2 ·m −1 ) was obtained when the zinc content was 15.33 at.%, owing to the highest S value caused by the lowest n value, even though σ declined. Several studies have reported on the TE performance of thin films based on only the PF value, because measuring the κ values of the TE materials is very difficult. However, measuring κ of the thin film is crucial to evaluate the TE performance more accurately. Figure 5a shows the ZT values, which were evaluated using the measured κ values of the ITO:Zn thin films, in relation to the zinc content. The highest ZT value of 0.0627 was obtained when the zinc content was 18.26 at.% due to the low κ (1.085 Wm −1 ·K −1 ) and high PF (228.37 µW. K −2 ·m −1 ) values. It is notable that the highest PF (234.03 µW K −2 ·m −1 ) was obtained when the zinc content was 15.33 at.%, while the highest ZT value was obtained for the thin films that include a zinc content of 18.26 at.%. This phenomenon is attributed to the lowest κ value (1.085 W m −1 ·K −1 ), obtained at the zinc content of 18.26 at.%, even if the PF at the zinc content of 18.26 at.% (228.37 µW K −2 ·m −1 ) is lower than that at the zinc content of 15.33 at.% (234.03 µW K −2 ·m −1 ).
Moreover, it was confirmed that the highest ZT value of the a-ITO:Zn film (0.0627) was approximately 2.5 times higher than that of the c-ITO film (0.0252). Consequently, these results indicate that the evaluation of the TE performance through ZT can provide more accuracy than that performed using PF. Moreover, we successfully obtained a high TE performance of the thin film with an amorphous structure. Figure 5b shows κ of the as-deposited ITO:Zn thin films as a function of the zinc concentration. The total κ (κ tot ) is determined by both electron thermal conductivity (κ e ) and lattice thermal conductivity (κ l ), i.e., κ total = κ e + κ l . The value of κ tot decreases with an increase in the zinc concentration in ITO:Zn thin films. The value of κ e was calculated by the Wiedemann-Franz law using Equation (5) .
where L o , T, and ρ represent the Lorentz constant (2.45 × 10 −8 WΩK −2 ), absolute temperature, and resistivity, respectively. It was observed that n was mainly responsible for the decline of κ e . The value of κ l increased with an increase in the zinc content, and decreased when the zinc content was under 1.56 at.%. In general, an amorphous structure demonstrates minimal lattice vibrations. Therefore, the decrease of κ l is attributed to the transformation of the microstructure from crystalline to amorphous. However, despite the amorphous structure, κ l increased with an increase in the zinc concentration in the ITO thin films. These results could be attributed to two factors, including the vibration generated from the metal hydroxyl formation due to low bond enthalpy between zinc and oxygen, and the κ l improvement due to localized vibration. On the other hand, Nickel et al. [40] reported that the hydrogen in ZnO vibrates in the lattice. Wöhlecke et al. [41] also reported that the hydroxyl-stretching vibration is coupled to the phonon in oxide. Therefore, we considered that the increase in κ l resulted from the vibration formed due to the increased metal hydroxide between zinc 2.80 at.% and 15.33 at.%. An XPS analysis was conducted to establish this phenomenon. Figure 6a shows the XPS O 1s spectra with fitted curves (O 1 , O 2 , and O 3 sub-peaks) by Gaussian. The O 1 sub-peak (529.24 eV) is attributed to the oxygen-bonded metal in lattice, and the O 2 sub-peak (530.09 eV) is attributed to the oxygen-deficient regions related to oxygen vacancies. The O 3 sub-peak (531.13 eV) results from the chemisorbed oxygen related to the formation of metal hydroxide [42] [43] [44] [45] [46] . Figure 6b shows the relative area ratio of O 1 , O 2 , and O 3 peaks obtained from the ITO:Zn thin films with varied zinc content. As shown in Figure 3 , the O 2 peak area ratio, implying oxygen vacancies, relatively decreased, leading to a decrease in n, when the zinc content was over 0.44 at.%. The O 3 peak area ratio was almost constant at higher zinc content. As a result, the amount of metal hydroxide did not change with increasing zinc content. The FT-IR analysis was conducted to confirm the presence of OH vibration. Figure 7 shows the FT-IR spectra of ITO:Zn thin films for varied zinc content against the wavenumbers ranging from 650 to 4000 cm −1 at room temperature (RT). The peaks at 906.56-925.31 cm −1 are related to atoms that are still unoxidized [47] . The peaks at 1023.49-1026.37 cm −1 are related to the phonon mode of the In 2 O 3 lattice [47] . The OH-stretching vibration mode is related to a wavenumber around 3240 cm −1 [47] [48] [49] [50] [51] [52] . It was expected that the OH-stretching vibration would increase as the zinc content in the films increased.
However, no significant differences of absorbance were observed in the wavenumber range mentioned. Based on these results, it was observed that the OH-stretching vibration exerted only a minimal influence. Another cause of an increase in κ l could possibly be the vibration formed through the short-range order in the amorphous structure, called the localized region. Therefore, it was confirmed that the vibration through the localized region contributed to the increase in κ l in the amorphous structure rather than the vibration formed through coupling with hydroxyl and phonon in the lattice. 
Conclusions
In this study, the ITO:Zn thin films were deposited through magnetron co-sputtering, by controlling the ZnO RF power to investigate the TE properties of these thin films. From experiments, it was observed that the ITO:Zn thin films demonstrated a crystalline structure without substrate heating and were amorphized when the zinc content was over 1.56 at.%. The ITO:Zn films demonstrated a high transmittance in the visible wavelength (>85% at 550 nm). The highest ZT value 
In this study, the ITO:Zn thin films were deposited through magnetron co-sputtering, by controlling the ZnO RF power to investigate the TE properties of these thin films. From experiments, it was observed that the ITO:Zn thin films demonstrated a crystalline structure without substrate heating and were amorphized when the zinc content was over 1.56 at.%. The ITO:Zn films demonstrated a high transmittance in the visible wavelength (>85% at 550 nm). The highest ZT value of 0.0627 was obtained when the zinc content was 18.26 at.% due to the lowest κ value (1.085 W m −1 ·K −1 ), even though the PF at the zinc content of 18.26% (228.37 µW K −2 ·m −1 ) was lower than that at the zinc content of 15.33% (234.03 µW K −2 ·m −1 ). It was also confirmed that the highest ZT value of the a-ITO:Zn film (0.0627) was approximately 2.5 times higher than that of the c-ITO film (0.0252). Consequently, the evaluation of TE properties performed with ZT values was observed to be more accurate than that performed with PF values. Moreover, we successfully obtained a high TE performance of thin films with an amorphous structure. We confirmed that the increase in κ l in an amorphous structure with substantial zinc content could be attributed to the localized mode in the amorphous structure. Based on these properties, it is suggested that amorphous ITO:Zn thin films can be applied as high-performance TE materials in transparent display devices. 
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